In a fusion reactor, the edge localized mode (ELM) coil has a mitigating effect on the ELMs of the plasma. The coil is placed close to the plasma between the vacuum vessel and the blanket to reduce its design power and improve its mitigating ability. The coil works in a high-temperature, high-nuclear-heat and high-magnetic-field environment. Due to the existence of outer superconducting coils, the coil is subjected to an alternating electromagnetic force induced by its own alternating current and the outer magnetic field. The design goal for the ELM coil is to maintain its structural integrity in the multi-physical field. Taking as an example the middle ELM coil (with flexible supports) of ITER (the International Thermonuclear Fusion Reactor), an electromagnetic-thermal-structural coupling analysis is carried out using ANSYS. The results show that the flexible supports help the three-layer casing meet the static and fatigue design requirements. The structural design of the middle ELM coil is reasonable and feasible. The work described in this paper provides the theoretical basis and method for ELM coil design.
Introduction
The edge localized mode (ELM) coil is an important component of the in-vessel coils (IVCs), its function being to suppress or mitigate ELMs and reduce heat deposition on the divertor [1, 2] . This can prolong the life of the plasma-facing components (PFCs) and decrease the cost of plant operation. The coil is placed close to the plasma between the vacuum vessel and the blanket to reduce its design power and improve its mitigating ability. The coil works in a high-temperature, high-nuclear-heat and high-magnetic-field environment. Due to the existence of outer superconducting coils, the coil is subjected to an alternating electromagnetic force induced by its own alternating current and the outer magnetic field. The design goal for the ELM coil is to maintain its structural integrity in the multi-physical field.
In the International Thermonuclear Fusion Reactor (ITER), the ELM coils include 27 independent coil subsystems. They are divided into the upper, middle and lower ELM coils according to their position on the vacuum vessel (VV) [3] , as shown in figure 1 . In 2013, Brooks et al presented a thermal and structural analysis of ELM coil design and their coil used rigid supports [4] . In 2014, Zhang et al carried out rapid thermal-hydraulic analysis and design optimization for the upper ELM coils [5] ; they also performed a mechanical analysis and optimization for the upper ELM coil and its feeder [6] . In the same year, ELM coil support in a high-nuclear-heat environment was researched independently [7] . Taking into account the high temperature and the nuclear heat, an ELM coil with a flexible support was proposed but
has not yet been studied. Here we take the ITER middle ELM coil with a flexible support as an example. We carry out an electromagnetic-thermal-structural coupling analysis using ANSYS and the design will be assessed.
Structure: introduction
The middle ELM coil is an important part of the ELM coil, which is placed in middle position of the IVCs. As shown in figure 2 , it mainly comprises a three-layer casing, joints, supports, etc. The three-layer casing is the key component providing the magnetic perturbation for the plasma and removing the heat ohmic and nuclear heat. The three-layer casing is cooled by water. The conductive layer is made of copper-chromium-zirconium (CuCrZr), the insulating layer comprises magnesium oxide (MgO) ceramics and the protective layer uses Inconel 625 alloy. The total current of the coil is 90 kA and each turn current is 15 kA. The current on the conductive layer will produce ohmic heat. In addition, due to being close to the plasma, the coil is influenced by the nuclear heat from the plasma. Ohmic and nuclear heat are the main reasons for the high temperature of the coil. To reduce the high temperature, the three-layer casing can easily remove the ohmic and nuclear heat. The three-layer casing is wound with a segmented coil connected to the casing by a joint. The structure and material of the joint are consistent with the three-layer casing. The support prevents movement of the coil under the electromagnetic force. It includes a rail base mounted on the vacuum vessel, a washer, a bracket, a clamp and a spine. A flexible support is used in order to reduce the thermal stress on the coil. The flexible part reflects on the bracket, and the brackets have different comb structures. Based on the comb structures, the flexible supports are of two types: bidirectional and lateral. The bracket is made of Inconel 625 and the other parts are stainless steel 316L [2, 8] .
Electromagnetic-thermal-structural coupling analysis
The electromagnetic-thermal-structural coupling analysis was performed using ANSYS. Firstly, an electromagnetic analysis was performed and the electromagnetic load and ohmic heat load obtained. Secondly, considering the ohmic heat load, the nuclear heat load, the speed of cooling water, the initial temperature of the cooling water inlet and the temperature of the vacuum vessel, a thermal analysis was performed and the thermal load obtained. Finally, a structural analysis was performed and the structural stress under the different working conditions obtained. Then the structural design was verified.
The finite element model
Due to the complex structure of the middle ELM coil the finite element model required simplifications, as shown in figure 3 . To reflect the flexible function, the bracket was established in detail. The three-layer casing and the supports were simulated by Solid185 and the connection between the bracket and the clamp was modeled by Targe170 and Contac174. Sharing nodes were used at the interfaces between all the components apart from the contact area. Fluid116 was used to simulate the cooling water and Surf152 to transfer the heat from the coil to the cooling water. The joints, bolt holes, rounded corners and welding parts were ignored [9] [10] [11] .
Electromagnetic analysis
An electromagnetic analysis was performed to obtain the electromagnetic force and ohmic heat. The electromagnetic force and ohmic heat were transferred to the structural model and the thermal model, respectively. The modeling process for the electromagnetic analysis was as follows. Firstly, the conductor (CuCrZr) was retained and Solid5 was used instead of Solid185. Solid5 was used to simulate the conductor as it has the benefit of keeping the node number and transferring the electromagnetic force on the nodes. Secondly, Sourc36 was used to simulate the outer magnetic coil and the plasma. The magnetic model is shown in figure 4 . A maximum peak current of 15 kA on the conductor was used and the currents on the outer magnetic coil and the plasma under the worst working conditions were assumed [12] . The magnetic field distribution and heat flux distribution are shown in figure 5 . The maximum magnetic flux density of 4.09 T occurs at the upper-left, the maximum heat flux is 14.4 MW m −2 and the ohmic heat was calculated to be 485 900 W.
Thermal analysis
A thermal analysis was performed to obtain the temperature distribution of the middle ELM coil, and the coil temperature was transferred to the structural model. The modeling process of the thermal analysis was as follows. Solid70 was used instead of Solid185. Fluid116, Surf152, Targe170 and Contac174 were retained and the temperature degrees of freedom for Contac174 was activated. The cooling water inlet temperature was taken as 100°C and the cooling water speed as 8 m s −1 . It was assumed that the temperature of the vacuum vessel is 100°C and the bottom of the rail base has the same temperature. The ohmic heat on the conductor was found to be 485 900 W and the nuclear heat attenuation function on the whole model P e =2.5e −x /0.17 MW m −3 . The temperature distribution of the water and the components is shown in figure 6 . Figure 6 . The temperature distribution in the middle ELM coil.
Structural analysis
The thermal and electromagnetic load can be obtained from the electromagnetic and thermal analysis. For the structural analysis, we kept Solid185, Targe170 and Contac174 and activated the UX, UY, UZ degrees of the freedom for Contac174. The work conditions were as follows.
• Condition 1: fixed support bottom+gravity+the electromagnetic force (+).
• Condition 2: fixed support bottom+gravity+the electromagnetic force (−).
• Condition 3: fixed support bottom+gravity+the thermal load.
The stress distribution for the CuCrZr and Inconel 625 components after the calculation is shown in figure 7 . The maximum stress of CuCrZr under thermal load is 102 MPa, which is less than the allowable stress of 324 MPa. The maximum stress of CuCrZr under the electromagnetic force is 44.5 MPa, which is less than the allowable stress of 162 MPa. The maximum stress of Inconel 625 under the thermal load is 390 MPa, which is less than the allowable stress of 827 MPa. The maximum stress of Inconel 625 under the electromagnetic force is 145 MPa, which is less than the allowable stress of 414 MPa. Both materials satisfy the static evaluation criteria.
In ANSYS, the alternating stress S alt , the mean stress S mean and the equivalent alternating stress S eq can be calculated using the following equations:
where S int1 and S int2 represent the Tresca stress of the finite element model in conditions 1 and 2, respectively. S u is the ultimate tensile strength of the material. S eq is used to compare with the allowable equivalent alternating stress. More details can be found in Zhang et al [6, 13] . After the calculation, the equivalent alternating stress of the middle ELM coil under an alternating magnetic force is obtained. The maximum equivalent alternating stress of the CuCrZr is 19 MPa, which is less than the allowable equivalent alternating stress of 48.5 MPa. The maximum equivalent alternating stress of the Inconel 625 is 58.7 MPa, which is less than the allowable equivalent alternating stress of 124 MPa. Both these materials satisfy the requirements of the fatigue design. Because the stress of the contact area is very high and does not reflect the real stress, the other components were not assessed and further optimization work should be carried out.
Conclusions
An electromagnetic-thermal-structural analysis of the middle ELM coil in ITER was performed and the following conclusions were made.
(1) Electromagnetic-thermal-structural analysis for the ELM coil with flexible supports is feasible and offers an analysis method for the ELM coil. (2) The thermal stress is higher than the electromagnetic stress and the thermal load is the main load for the ELM coil design.
(3) Flexible supports can be used In order to avoid higher thermal stress and ensure that the three-layer casing meets the static and fatigue design requirements.
Further optimization work will be carried out.
